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1.	
  Case	
  Studies	
  

SUPER:	
  SciDAC	
  Ins-tute	
  for	
  Sustained	
  
Performance,	
  Energy,	
  and	
  Resilience	
  

•  Goal:	
  Ensure	
  that	
  DOE’s	
  
computa0onal	
  scien0sts	
  can	
  exploit	
  
the	
  emerging	
  genera0on	
  of	
  HPC	
  
systems.	
  

•  MPAS-­‐Ocean	
  is	
  an	
  earth-­‐system	
  
simula0on	
  code	
  for	
  modeling	
  the	
  
oceans	
  in	
  climate	
  and	
  weather	
  
studies.	
  

•  PI:	
  Robert	
  Lucas	
  (USC).	
  

•  PI	
  (LBNL):	
  Leonid	
  Oliker.	
  

Next-­‐Genera-on	
  High-­‐Performance	
  
Compu-ng	
  in	
  X-­‐Ray	
  Science.	
  
	
  

•  Goal:	
  Enable	
  high-­‐throughput	
  X-­‐
Ray	
  ScaSering	
  data	
  analysis	
  
through	
  massively	
  parallel	
  HPC	
  
systems.	
  

•  The	
  HipGISAXS	
  Suite	
  is	
  an	
  X-­‐Ray	
  
ScaSering	
  simula0on	
  and	
  modeling	
  
code	
  for	
  micro/nanostructural	
  
studies	
  in	
  materials	
  research.	
  

•  PI:	
  Xiaoye	
  Li	
  (LBNL).	
  



2.	
  Performance	
  Analysis	
  and	
  Op0miza0on	
  of	
  
MPAS-­‐Ocean	
  

•  MPAS	
  (Model	
  for	
  Predic0on	
  Across	
  Scales)-­‐Ocean	
  developed	
  at	
  
Los	
  Alamos	
  Na0onal	
  Lab.	
  

•  Modeling	
  and	
  0me-­‐series	
  
simula0ons	
  of	
  Earth's	
  
oceans	
  over	
  an	
  
unstructured	
  and	
  mul0-­‐
scale	
  mesh	
  discre0za0on	
  
on	
  a	
  sphere.	
  



2.	
  Performance	
  Analysis	
  and	
  Op0miza0on	
  of	
  
MPAS-­‐Ocean	
  

•  Performance	
  improvements	
  through	
  
•  beSer	
  exploita0on	
  of	
  data	
  locality,	
  
•  data	
  reorganiza0on,	
  and	
  
•  op0mal	
  data	
  par00oning	
  to	
  minimize	
  data	
  transfers/communica0on;	
  	
  

•  Hierarchical	
  paralleliza0on	
  on	
  mul0cores	
  and	
  exploita0on	
  of	
  
emerging	
  architectures	
  (Intel	
  MICs,	
  GPUs).	
  

	
  
•  By	
  2017	
  

•  Improve	
  FLOP	
  performance	
  to	
  get	
  near	
  peak	
  on	
  a	
  given	
  HPC	
  system.	
  
•  Achieve	
  high	
  Simulated	
  Year	
  per	
  Day	
  (SYPD)	
  performance	
  on	
  high-­‐
resolu0on	
  grids	
  (>	
  10	
  SYPD	
  on	
  15km	
  resolu0on	
  on	
  3,000	
  cores).	
  	
  

•  Improve	
  code	
  scalability	
  to	
  u0lize	
  100,000s	
  cores.	
  	
  



3.	
  MPAS-­‐Ocean	
  Computa0onal	
  Strategies	
  
	
  

•  Use	
  unstructured,	
  variable-­‐resolu0on	
  grids:	
  Spherical	
  
Centriodal	
  Voronoi	
  Tessella0on	
  (SCVT).	
  

•  15km	
  resolu0on	
  grid	
  
contains	
  2M	
  cells,	
  4M	
  
ver0ces,	
  5.6M	
  edges.	
  

•  MPI	
  parallelism:	
  
•  Decompose	
  grid	
  into	
  blocks.	
  
•  Construct	
  mul0-­‐layered	
  
halos	
  (typical	
  3	
  layers).	
  

•  Communica0on:	
  Halo	
  
exchanges	
  with	
  neighbor	
  
blocks,	
  and	
  all-­‐to-­‐all.	
  



3.	
  MPAS-­‐Ocean	
  Computa0onal	
  Strategies	
  
	
  

Challenges:	
  	
  
	
  

•  Unstructured	
  grid	
  means	
  unstructured	
  data	
  resul0ng	
  in	
  
inefficient	
  data	
  movement.	
  

•  Arbitrary	
  ordering	
  of	
  blocks	
  and	
  cells	
  causes	
  low	
  data	
  locality	
  
and	
  inefficient	
  cache	
  data	
  reuse.	
  

•  Variable	
  depth	
  of	
  cells	
  (ocean	
  depth)	
  leads	
  to	
  load-­‐imbalance.	
  	
  

•  Mul0-­‐layered	
  halos	
  limit	
  scaling	
  –	
  	
  
larger	
  the	
  number	
  of	
  processors,	
  smaller	
  the	
  ra0o	
  of	
  number	
  of	
  local	
  cells	
  
to	
  halo	
  cells,	
  and	
  higher	
  the	
  communica0on	
  costs.	
  



3.	
  MPAS-­‐Ocean	
  Computa0onal	
  Strategies	
  
	
  

Current	
  performance	
  op0miza0on	
  efforts:	
  
	
  

•  Intra-­‐block	
  cell	
  and	
  edge	
  reordering	
  based	
  on	
  space-­‐filling	
  curves	
  
(SFCs)	
  to	
  improve	
  data	
  locality	
  and	
  cache	
  data	
  usage,	
  as	
  well	
  as	
  
blocks	
  reordering	
  to	
  improve	
  communica0on	
  performance.	
  

•  Incorpora0on	
  of	
  OpenMP	
  for	
  mul0core	
  paralleliza0on.	
  	
  

•  Reorganiza0on	
  of	
  data	
  structures,	
  and	
  implementa0on	
  of	
  variable	
  
number	
  of	
  layers	
  per	
  cell	
  (variable	
  depth)	
  to	
  improve	
  memory	
  usage	
  
and	
  data	
  locality.	
  

•  Improved	
  par00oning	
  and	
  load-­‐balancing	
  through	
  weighted	
  cells,	
  
and	
  explora0on	
  of	
  exis0ng	
  graph	
  par00oning	
  sokware,	
  to	
  minimize	
  
data	
  transfers	
  and	
  communica0on.	
  



4.	
  Current	
  HPC	
  Usage	
  

•  MPAS-­‐Ocean	
  has	
  been	
  ported	
  to	
  Edison	
  and	
  Hopper	
  at	
  NERSC.	
  
Recently	
  been	
  ported	
  to	
  Titan	
  (no	
  GPU)	
  at	
  OLCF	
  and	
  Mira	
  at	
  ALCF.	
  	
  

	
  

•  SUPER	
  used	
  4.3M	
  core-­‐hours	
  at	
  NERSC	
  in	
  FY	
  2013	
  (asarje:	
  1.7M).	
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•  Current	
  simula0ons	
  
range	
  up	
  to	
  3K	
  cores.	
  
Not	
  scalable	
  beyond!	
  

	
  

•  At	
  most	
  ~1	
  GB	
  per	
  
core,	
  ~24	
  GB	
  per	
  node	
  
on	
  Hopper/Edison.	
  

	
  

•  Uses	
  NetCDF	
  for	
  
parallel	
  I/O.	
  Not	
  I/O	
  
intensive.	
  



4.	
  Current	
  HPC	
  Usage	
  

Performance	
  Analysis	
  Limita0ons:	
  
•  Few	
  hardware	
  counters	
  available.	
  
•  No	
  comprehensive	
  cache	
  usage	
  sta0s0cs.	
  
•  No	
  informa0on	
  on	
  nodes’	
  alloca0on	
  topology	
  for	
  a	
  job.	
  



5.	
  HPC	
  Requirements	
  for	
  2017	
  

•  With	
  higher	
  usage	
  an0cipated	
  for	
  performance	
  analysis,	
  10M	
  core-­‐
hours	
  needed	
  per	
  year.	
  

	
  
•  With	
  improved	
  parallelism,	
  larger	
  runs	
  will	
  also	
  be	
  analyzed	
  for	
  
scaling	
  up	
  to	
  100,000s	
  of	
  cores.	
  

•  A	
  typical	
  run	
  would	
  use	
  10,000	
  cores,	
  for	
  several	
  hours.	
  Target	
  is	
  to	
  
achieve	
  performance	
  of	
  more	
  than	
  10	
  SYPD	
  (Simulated	
  Years	
  Per	
  
Day)	
  on	
  3,000	
  cores.	
  



6.	
  MPAS-­‐Ocean	
  Strategies	
  for	
  New	
  Architectures	
  
•  Implementa0on	
  on	
  GPUs	
  is	
  planned	
  for	
  future:	
  Offload	
  compute	
  

kernel	
  loops	
  over	
  grid	
  cells	
  and	
  edges	
  to	
  GPUs.	
  
	
  

•  Incorpora0on	
  of	
  OpenMP	
  threading	
  support	
  is	
  currently	
  underway.	
  

•  Efficient	
  por0ng	
  to	
  Intel	
  MIC	
  is	
  also	
  planned.	
  MPAS-­‐Ocean	
  currently	
  
runs	
  na0vely	
  on	
  MIC	
  but	
  is	
  not	
  efficient.	
  

Mul0ple	
  ins0tutes	
  are	
  involved	
  through	
  SUPER.	
  Key	
  ins0tutes	
  on	
  MPAS-­‐
Ocean	
  performance	
  op0miza0on	
  efforts:	
  

•  Lawrence	
  Berkeley	
  Na0onal	
  Lab	
  (Leonid	
  Oliker,	
  Samuel	
  Williams,	
  Abhinav	
  Sarje)	
  
•  Los	
  Alamos	
  Na0onal	
  Lab	
  (Douglas	
  Jacobsen)	
  
•  Oak	
  Ridge	
  Na0onal	
  Lab	
  (Patrick	
  Worley)	
  
•  University	
  of	
  Oregon	
  (Kevin	
  Huck)	
  
•  University	
  of	
  Utah	
  (Mary	
  Hall,	
  Linda	
  Wu)	
  



7.	
  High-­‐Performance	
  X-­‐ray	
  ScaSering	
  Data	
  
Analysis	
  with	
  HipGISAXS	
  

•  HipGISAXS	
  (High-­‐Performance	
  Grazing	
  Incidence	
  Small	
  Angle	
  X-­‐ray	
  
ScaSering)	
  so=ware	
  suite	
  has	
  been	
  developed	
  to	
  meet	
  
computa0onal	
  needs	
  at	
  the	
  Advanced	
  Light	
  Source	
  (ALS).	
  

•  Simula0on	
  of	
  scaSering	
  paSerns	
  for	
  GISAXS.	
  

•  Discovery	
  of	
  nanostructures	
  and	
  nanopar0cle	
  system	
  configura0ons	
  
through	
  inverse	
  modeling,	
  using	
  forward	
  simula0ons	
  (op0miza0on	
  
problem).	
  

•  Computa0ons	
  on	
  a	
  structured	
  3-­‐D	
  grid.	
  

•  Each	
  forward	
  simula0on	
  is	
  embarrassingly	
  parallel	
  –	
  an	
  ideal	
  case	
  for	
  
efficient	
  exploita0on	
  of	
  massive	
  parallelism.	
  



7.	
  High-­‐Performance	
  X-­‐ray	
  ScaSering	
  Data	
  
Analysis	
  with	
  HipGISAXS	
  

•  Implements	
  a	
  hierarchical	
  paralleliza0on	
  framework,	
  dynamically	
  
decomposing	
  computa0ons	
  on	
  available	
  resources	
  for	
  a	
  perfect	
  
mapping	
  to	
  the	
  hardware.	
  

•  Effec0vely	
  exploits	
  mul0cores,	
  GPUs	
  and	
  Intel	
  MICs	
  at	
  node-­‐level.	
  

•  Performance	
  improvements	
  through	
  architecture-­‐aware	
  
op0miza0ons	
  and	
  tuning.	
  

•  By	
  2017	
  
•  Implement	
  mul0ple	
  op0miza0on	
  algorithms	
  for	
  structural	
  modeling.	
  
•  Achieve	
  high	
  FLOP	
  rate	
  during	
  simula0ons	
  close	
  to	
  the	
  peak	
  of	
  the	
  
system	
  –	
  several	
  PetaFLOPs	
  on	
  100,000s	
  of	
  cores.	
  

•  Implement	
  a	
  scaSering	
  data	
  analysis	
  pipeline	
  to	
  process	
  data	
  generated	
  
at	
  beamlines	
  at	
  near	
  real-­‐0me	
  speed	
  using	
  NERSC’s	
  HPC	
  resources.	
  	
  



8.	
  HipGISAXS	
  Computa0onal	
  Strategies	
  
	
  

•  Use	
  structured	
  3-­‐D	
  grid.	
  
•  Typical	
  grid	
  resolu0on:	
  1000x1000x10,	
  resul0ng	
  in	
  10M	
  cells.	
  
•  Custom	
  shape	
  defini0ons	
  have	
  100,000s	
  of	
  triangles	
  represen0ng	
  the	
  
shape	
  surface:	
  1012	
  kernel	
  computa0ons	
  in	
  a	
  single	
  simula0on.	
  

•  A	
  single	
  run	
  may	
  have	
  100s	
  of	
  forward	
  simula0ons.	
  
•  MPI	
  parallelism:	
  

•  A	
  hierarchy	
  of	
  MPI	
  communicators	
  for	
  decomposing	
  all	
  independent	
  
computa0ons	
  efficiently.	
  

•  Reduc0on	
  opera0ons	
  performed	
  at	
  various	
  levels.	
  
•  Node-­‐level	
  parallelism	
  using	
  OpenMP.	
  Addi0onal	
  CUDA	
  or	
  Intel	
  MIC	
  
parallelism	
  (offload	
  model)	
  can	
  be	
  enabled	
  based	
  on	
  available	
  system	
  
resources.	
  Vectoriza0on	
  at	
  the	
  lowest	
  parallelism	
  level.	
  

•  Planned	
  efforts:	
  Effec0ve	
  paralleliza0on	
  of	
  inverse	
  modeling	
  
algorithms.	
  



9.	
  Current	
  HPC	
  Usage	
  

•  HipGISAXS	
  simula0on	
  has	
  been	
  ported	
  to	
  Edison	
  and	
  Hopper	
  at	
  
NERSC,	
  Titan	
  at	
  OLCF	
  and	
  Stampede	
  at	
  TACC.	
  	
  

	
  

•  Performance	
  analysis	
  used	
  2.4M	
  core-­‐hours	
  at	
  NERSC	
  in	
  FY	
  2013.	
  

102

103

104

105

106

107

 1  2  4  8  1
6

 3
2

 6
4

 1
28

 2
56

 5
12

 1
02

4
 2

04
8

 4
09

6
 8

19
2

G
FL

O
P/

s

Number of Nodes

Titan
Stampede

Hopper
Edison

•  Current	
  typical	
  simula0ons	
  
range	
  up	
  to	
  3K	
  cores.	
  (But	
  
HipGISAXS	
  scales	
  well	
  to	
  
144,000	
  cores	
  on	
  Hopper).	
  

•  Memory	
  usage	
  minimiza0on	
  
strategies	
  result	
  in	
  minimal	
  
requirements	
  per	
  node.	
  

•  Uses	
  HDF5	
  for	
  parallel	
  I/O.	
  Not	
  
I/O	
  intensive.	
  



10.	
  HPC	
  Requirements	
  for	
  2017	
  

•  With	
  incorpora0on	
  of	
  inverse	
  modeling	
  an0cipated,	
  10M	
  core-­‐hours	
  
needed	
  per	
  year.	
  

•  A	
  typical	
  run	
  would	
  use	
  10,000	
  cores,	
  for	
  several	
  minutes.	
  

•  High-­‐Performance	
  processors	
  with	
  high	
  degree	
  of	
  parallelism,	
  such	
  as	
  
GPUs,	
  would	
  be	
  most	
  performance	
  and	
  power	
  efficient	
  for	
  
HipGISAXS.	
  

•  Por0ng	
  to	
  other	
  systems,	
  such	
  as	
  Mira	
  at	
  ALCF,	
  is	
  also	
  planned.	
  

Current	
  HipGISAXS	
  development	
  team	
  at	
  LBNL:	
  
•  Xiaoye	
  Li	
  (CRD)	
  
•  Slim	
  Chourou	
  (CRD)	
  
•  Abhinav	
  Sarje	
  (CRD)	
  
•  Alexander	
  Hexemer	
  (ALS)	
  



11.	
  Summary	
  

•  Faster	
  and	
  beSer	
  climate	
  and	
  weather	
  predic0on	
  with	
  high-­‐
performance	
  MPAS-­‐Ocean	
  code.	
  

•  Enable	
  real-­‐0me	
  X-­‐ray	
  scaSering	
  data	
  analysis	
  for	
  nanostructure	
  
discovery	
  in	
  materials	
  research	
  with	
  HipGISAXS	
  suite.	
  

•  Recommend	
  achieving	
  a	
  good	
  balance	
  between	
  specialized	
  high-­‐
efficiency	
  manycores	
  (beneficial	
  for	
  embarrassingly	
  parallel	
  
computa0ons)	
  and	
  general-­‐purpose	
  mul0cores	
  (beSer	
  resource	
  
u0liza0on	
  for	
  unstructured	
  computa0ons).	
  

	
  

•  BeSer	
  performance	
  analysis	
  tools	
  needed.	
  Accurate	
  and	
  easily	
  
accessible	
  hardware	
  performance	
  counters	
  necessary.	
  

•  Topology-­‐aware	
  nodes’	
  alloca0on	
  with	
  accessible	
  topology	
  
informa0on	
  would	
  help	
  in	
  improving	
  communica0on	
  performance.	
  


